High levels of HONO, with an average of 1.32 ± 0.92 ppbv, were observed near one of the largest industrial 21 zone in the YRD region of China. 22 • HONO photolysis and alkene ozonolyses contributed the most of OH production and hence the atmospheric 23 oxidation capacity. 24 • High HONO concurred with high loading of PM 2.5 , indicating potential synergetic effects. 25 • Heterogeneous formation mechanisms were the most important daytime HONO sources and were further 26 enhanced by sunlight. 27 Abstract 28 A suite of instruments were deployed to simultaneously measure nitrous acid (HONO), nitrogen oxides (NO x 29 = NO + NO 2 ), carbon monoxide (CO), ozone (O 3 ), volatile organic compounds (VOCs, including formaldehyde 30 (HCHO)) and meteorological parameters near a typical industrial zone in Nanjing of the Yangtze River Delta region, 31 China. High levels of HONO were detected using a wet chemistry-based method. HONO ranged from 0.03-7.04 32 ppbv with an average of 1.32 ± 0.92 ppbv. Elevated daytime HONO was frequently observed with a minimum of 33 several hundreds of pptv on average, which cannot be explained by the homogeneous OH + NO reaction (P OH+NO ) 34 alone, especially during periods with high loadings of particulate matters (PM 2.5 ). The HONO chemistry and its 35 impact on atmospheric oxidation capacity in the study area were further investigated using a MCM-box model. The 36 results show that the average hydroxyl radical (OH) production rate was dominated by the photolysis of HONO 37 (7.13×10 6 molecules cm -3 s -1 ), followed by ozonolysis of alkenes (3.94×10 6 molecules cm -3 s -1 ), photolysis of O 3 38 (2.46×10 6 molecules cm -3 s -1 ) and photolysis of HCHO (1.60×10 6 molecules cm -3 s -1 ), especially within the plumes 39 originated from the industrial zone. The observed similarity between HONO/NO 2 and HONO in diurnal profiles 40 strongly suggests that HONO in the study area was likely originated from NO 2 heterogeneous reactions. The 41 average nighttime NO 2 to HONO conversion rate was determined to be ~0.9% hr -1 . Good correlation between 42 nocturnal HONO/NO 2 and the products of particle surface area density (S/V) and relative humidity (RH), S/V×RH, 43 supports the heterogeneous NO 2 /H 2 O reaction mechanism. The other HONO source, designated as P unknonwn , was 44 about twice as much as P OH+NO on average and displayed a diurnal profile with an evidently photo-enhanced feature, 45 i.e., photosensitized reactions of NO 2 may be an important daytime HONO source. Nevertheless, our results suggest 46 that daytime HONO formation was mostly due to the light-induced conversion of NO 2 on aerosol surfaces but 47 heterogeneous NO 2 reactions on ground surface dominated nocturnal HONO production. Concurred elevated 48 HONO and PM 2.5 levels strongly indicate that high HONO may increase the atmospheric oxidation capacity and 49 further promote the formation of secondary aerosols, which may in turn synergistically boost NO 2 /HONO 50 conversion by providing more heterogeneous reaction sites. 51 1 introduction 52 Nitrous acid (HONO) plays an important role in tropospheric photochemistry because its fast photolysis 53 contributes to the formation of hydroxyl (OH) radical, which is an essential atmospheric oxidant that initiates the 54 oxidation of volatile organic compounds (VOC) to form organic peroxy radicals (RO 2 ) and hydroperoxyl radical 55 (HO 2 ). In the present of nitrogen oxides (NO x = NO + NO 2 ), these free radicals are the fundamental driving force 56 of photochemical reaction cycles that lead to the formation of ground-level ozone (O 3 ) and secondary organic 57 aerosols (SOA) (Finlayson-Pitts and Pitts, 1999; Xue et al., 2016). Besides HONO photolysis (R1), the major 58 known OH radical initiation sources include photolysis of O 3 (R2 and R3) and formaldehyde (HCHO) (R4 to R8), 59 and ozonolysis of alkenes (R9) (Finlayson-Pitts and Pitts, 1999). Nevertheless, many field studies have 60 demonstrated that HONO may strongly affect atmospheric oxidation capacity in various environments (Bernard et 61 al., a boost of photochemistry in the following early morning (Platt et al., 1980). However, recent field studies have 64 demonstrated that high concentrations of HONO are often present in the relatively polluted urban areas during the 65 day. Because of high levels of HONO, the photolysis of HONO becomes an important OH source not only in the 66 early morning but also throughout the day and can contribute up to 30-90% of OH radical during daytime (Acker 67 et al.Despite the significance of HONO in daytime photochemistry, the sources and formation mechanisms of 79 HONO, especially during daytime, are still uncertain. Traditionally, the reaction between NO and OH was thought 80 to be the most important homogeneous source for HONO (Perner and Platt, 1979): 81 OH + NO + M ® HONO (R10) 82
successively, a 10-port injection valve (Valco Instruments Co. Inc.), a 1-m long liquid waveguide capillary cell 154 (LWCC, World Precision Instruments), and a mini spectrometer (Ocean optics, USB4000). 155 To minimize the sampling artifacts, the sampling coils were set up about 3.5 m above the ground (1.5 m above 156 the trailer rooftop) and no inlet was used. Ambient air was pulled through the coils by a vacuum pump at 1 L min -´ 10 12 (1) 167 where, C l is nitrite concentration (mol L −1 ) in the scrubbing solution, F l is the liquid flow rate (mL min −1 ) of the 168 scrubbing solution, F g is the sampling air flow rate (L min −1 ), R is the ideal gas constant (8.314 m 3 Pa K −1 mol −1 ), 169 and T and P are the ambient temperature (294 K) and atmospheric pressure (101325 Pa), respectively, under which 170 the mass flow controller (MFC) that was used to control the sample flow rate was calibrated (Ren et al., 2010) . The 171 HONO instrument was calibrated every four days using sodium nitrite standard solutions. According to the 172 calibration curve, HONO mixing ratio in ambient air can be quantified. The detection limit of the HONO instrument 173 was about 3 pptv with a time resolution of 2 min. The measurement accuracy was about ±15% at a 95% confidence 174 level (Ren et al., 2010) . 175 https://doi.org/10.5194/acp-2019-944 Preprint. Discussion started: 9 December 2019 c Author(s) 2019. CC BY 4.0 License.
that the possible small interference in NO 2 measurement did not impact significantly on the modeled HONO results. 189 The details about the operation and calibrations of these instruments were described in previous work (Zheng et al., 190 2015b). PM 2.5 was observed by an online PM 2.5 measuring instrument (METONE, BAM-1020) with a time 191 resolution of 1 hour. Aerosol surface area density was calculated using data from an WPS (wide particle 200 where χ is the solar zenith angle; L i , M i , and N i are photolysis parameters and are taken from (Jenkin et al., 1997) , 201 for clear sky conditions. The calculated photolysis frequencies were then scaled by the measured J(NO 2 ) for 202 cloudiness correction. 203 Volatile organic compounds (VOC) measurements were conducted using a commercial gas chromatograph 204 equipped with a flame ionization detector (AMA, GC5000). Sixty VOC species including C 2 -C 12 hydrocarbons 205 were detected with a time resolution of 1 hr. Ten of the most reactive alkenes were used in the ozonolysis reaction 206 in the box model simulations. for the entire campaign period. We found that the ratio between simulated to measured HCHO was 1.4 with a 261 correlation coefficient of R 2 = 0.6. Therefore, we applied a factor of 1.4 to the simulated HCHO in the model to 262 better represent the HCHO concentration in the atmosphere. The simulated OH time series during the campaign period is shown in Fig. 4 . Because the simulation is 264 constrained by the observations, only within periods when all data are available simulation were conducted. 265 Simulated OH concentration was in the range of 1.06×10 6 molecules cm -3 -5.26×10 6 molecules cm -3 , similar to the 266 concentration observed in London (Emmerson et al., 2007) , but lower than that measured in New York City (3×10 6 -267 3.3×10 7 ) (Ren et al., 2003) and Guangzhou (1.5×10 7 -2.6×10 7 ) (Lu et al., 2012) . 268 It should be noted that the absolute values of the simulated OH may differ from the actual ambient 269 concentration. However, the general trend of OH evidently followed the solar radiation intensity, indicating its 270 photochemical production origin. Clearly, the diurnal variation of OH profile is more complicated than that of 271 photolysis rates becasue OH production can be affected not only by photochemical processes, but also by both 272 primary emissions (e.g., HONO and HCHO) and other non-photochemical related heterogenous processes, such as 273 HONO production on various surfaces and ozonolysis of alkenes. These processes will be further discussed in the 274 following sections. Previous field studies have demonstrated that HONO photolysis can contribute substantially to the OH 282 production during daytime (Elshorbany et al., 2009; Hendrick et al., 2014; Kleffmann et al., 2005; Su et al., 2008) . 283 In this study, we evaluated the OH formation rates from the photolysis of HONO (Eq. 3), ozone (Eq. 4), 284 formaldehyde (Eq. 5) and hydrogen peroxide (H 2 O 2 ) (Eq. 6), as well as ozonolysis of alkenes (Eq. 7). The second term in Eq. 3 is to account for the loss of OH due to the HONO formation from OH + NO, where the OH 286 concentration was simulated using the box model, so that the net OH formation from the photolysis of HONO is 287 considered. J values are the photolysis frequencies of the corresponding species and f OH is the fraction of O( 1 D) 288 reacts with H 2 O instead of being quenched by nitrogen (N 2 ) or oxygen (O 2 ). The OH production by the photolysis 289 of formaldehyde was calculated assuming that HO 2 formed from reaction R4 was immediately converted into OH 290 by reaction R8 due to high NO levels in this polluted environment. In Eq. 7, Y OH_i is the yield of OH from gas-291 phase reaction of O 3 and alkene(i) and 8 IPQRSR(T)9) U is the reaction rate constant for the reaction of O 3 with alkene(i).
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The rate constants of the ozonolysis reactions and the corresponding OH yields used in this work are listed in Table   293 2. Since H 2 O 2 was not measured during this campaign, H 2 O 2 was estimated from literature values, i.e., 0.5 ppbv -294 5 ppbv (Guo et al., 2014; Hua et al., 2008; Ren et al., 2009 ) and a constant of 3 ppbv H 2 O 2 was used in this work. 295 The calculated campaign averaged OH production rates from the photolysis of HONO, O 3 , HCHO and H 2 O 2 296 along with ozonolysis of alkenes were 7.13×10 6 molecules cm -3 s -1 , 2.46×10 6 molecules cm -3 s -1 , 1.60×10 6 297 molecules cm -3 s -1 , 2.39×10 5 molecules cm -3 s -1 and 3.94×10 6 molecules cm -3 s -1 , respectively, which were 298 comparable with the literature values (Alicke et al., 2002; Chan et al., 2017; Su et al., 2008) . As shown in Fig. 5 . 299 the contribution of HONO photolysis to OH production varied from 23.6% to 63.3% with a mean value of 44.8%.
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The ozonolysis of ten highly reactive alkenes (listed in The striking features of the Fig. 5 is that HONO photolysis and ozonolysis of alkenes contributed more than 311 70% of the OH production rate on average. In the early morning, HONO photolysis was the dominant source of 312 OH and may boost the photochemistry right after sunrise. As O 3 accumulated, alkene ozonolysis and O 3 photolysis 313 became more and more important. The higher percentage of the HONO photolysis in this study is most likely 314 because of the higher concentrations of HONO observed in the study area and its sources will be further investigated 315 in the following sections. Previous studies have suggested that heterogeneous conversion of NO 2 on wet surfaces could be an important 367 nocturnal HONO source (Finlayson-Pitts et al., 2003; Wang et al., 2017) . However, it appeares that the proposed 368 reaction mechanism (2NO 2 + H 2 O) was limited by the uptake of NO 2 on the wet surfaces (on the order of 10 -6 ) and 369 thus was too slow to account for the observed NO 2 to HONO conversion ratio (Kleffmann et al., 1998) . Instead, The nature of the unknown source was explored by correlation analyses between P unknown and other HONO 425 production related parameters (see Table 3 ). P unknown does not correlate well with RH, NO 2 , S/V, and J NO2 with the 426 correlation coefficients (R 2 ) of 0.070, 0.094, 0.107, and 0.098 respectively. The correlation increased only slightly 427 when heterogeneous conversion of NO 2 (NO 2 ×RH, R 2 = 0.161) was taken into consideration. It appeared that the 428 unknown HONO sources cannot be well explained by the heterogeneous reactions on wet surfaces alone. Previous 429 studies have suggested that light intensity could be an important parameter influencing the heterogeneous 430 conversion of NO 2 to HONO (Han et al., 2017b; Lee et al., 2016) . The photo-enhanced HONO source during the 431 daytime has also been identified in different environments ranging from remote (Villena et al., 2011; Zhou et al., 432 2002) to urban conditions (Lee et al., 2016) . When photo-enhancement was also considered (J NO2 ×NO 2 ×RH, R 2 = 433 0.496), a significantly better correlation was achieved ( where l is the root mean square (RMS) velocity of NO 2 , S/V is the aerosol surface area-to-volume ratio and 454 g NO2,aerosol is the reactive uptake coefficient on the aerosol surface, with a value of 1×10 −6 under dark conditions 455 (Aumont et al., 2003; Li et al., 2010) . Under sunlight, however, significant enhancement of NO 2 conversion to 456 HONO has been found for various types of aerosol surfaces, such as humic acid and similar organic materials Equation (14) was used to denote the heterogeneous reactions on the ground surfaces, where V d,NO2 represents 466 deposition velocity of NO 2 ; H is the PBL height; and g NO2,ground is the reactive uptake coefficient on the ground.
467
Here we assume an NO 2 reactive uptake coefficient of 1×10 −5 (Trick, 2004) in the dark on ground surfaces with a 468 yield of 50% and increase it to 2×10 −5 in the daytime, given that the photosensitized reactivity of NO 2 on the ground 469 surface is the same as on the aerosol surface. The observed boundary layer height varied from 73 m to 600 m 470 diurnally. The same scale factor ((JNO 2 )/ 2×10 -3 ) was also applied to the daytime ground surface reactions. 471 Figure 10a shows the averaged diurnal profiles of the measured HONO concentration and the simulated 472 HONO concentrations from different sources. In general, the box model can capture the observed HONO trend 473 with very similar magnitude of concentration, with a modeled-to-observed HONO ratio of 1.16 during the day and 474 1.40 at night. In early morning, ground surface appeared to play an important role in HONO heterogeneous 475 production while the PBL was still relatively shallow. However, after ~9:00, despite of the swift developing of PBL, 476 fine particle loading started increasing substantially (as shown in Fig. 3) , indicating strong secondary formation. 477 Meanwhile, HONO production on aerosol surfaces also increased moderately. We found that higher daytime values 478 were mostly due to the light-induced conversion of NO 2 on aerosol surfaces in addition to the homogeneous reaction 479 of NO with OH. While at night, heterogeneous HONO production on ground surface dominated nocturnal HONO 480 sources and the nighttime aerosol surfaces only contributed slightly to the total nighttime HONO. The box model 481 tended to under-predict HONO during daytime, which also led to an ~1-hr delay in the peaking time of the simulated 482 HONO. The most likely reason for these disagreements is due to the fact that heterogeneous conversion of NO 2 on 483 various surfaces is too complicated to be fully represented by a single scaling parameter in a linear form. Geophys. Res. Atmos., 118, 10,155-110,171, 10.1002 /jgrd.50721, 2013 Vecera, Z., and Dasgupta, P. K.: Measurement of ambient nitrous acid and a reliable calibration source for gaseous 798 nitrous acid, Environ. Sci. Technol., 25, 255-260, 10.1021 /es00014a006, 1991 Villena, G., Kleffmann, J., Kurtenbach, R., Wiesen, P., Lissi, E., Rubio, M. A., Croxatto, G., and Rappenglück, B.:
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